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[Text] Annotation, This collection of articles includes materials from a scilentific

‘ sympos lum organized by the Order of Lenin Arctic and Antarctic Scientific Research
Institute and the Interdepartmental Commission on Study of Antarctica, Earth Sci-
ences Section, Presidium, USSR Academy of Sciences, held in Leningrad, 1-5 October
1973. The articles by Soviet and foreign scientists reflect the results of investi-
gations of recent years in the following directions: 1. Electromagnetic methods for
investigating snow and ice, active and passive radar observations of ice and snow
surfaces. 2. Optical methods for investigating snow, ice and water. Dynamic and

N static methods for investigating the dynamic prcoperties of ice and snow.
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PREFACE

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 7-8 ’

[Unsigned article]

[Text] This collection of articles contains studies devoted to physical methods for
the investigation of ice and snow. It can now be assumed that a new direction has
already been formed in glaciology -- the physics of ice.

Taking into account the increasing interest in physical methods for investigating
ice, the Arctic and Antarctic Scientific Research Institute and the Interdepart-
mental Commission on Study of Antarctica organized a special symposium which was
held in October 1973 at Leningrad. Most of the reports presented at the symposium
were finalized in the form of articles which have been published in this collection
of articles. '

The articles presented in the collection reflect the results of investigations of
recent years in the following directions:

1. Electromagnetic methods for investigating snow and ice. Active and passive radar
of ice and snow covers.

2, Optical methods for investigating snow, ice and water.

3. Dynamic and static methods for investigating the mechanical properties of ice
and snow. : '

Many of the articlas are devoted to the results and methods for investigating the
mechanico-acoustical properties of ice and snow. The importance of further investi-
gations in this direction is demonstrated, especially determination of the charac-
teristics of internal friction, the coefficients of absorption, viscosity, velccit-
ies of propagation of wave processes, reflecting and scattering properties in a
broad range of amplitudes of deformations and frequencies of elastic and visco-
elastic oscillations (seismic range, infralow-frequency, acoustic and ultrasonic
frequencies -10‘2—106Hz). .

Recently investigations have been initiated of dynamic phenomena and the stressed
state of the ice covers of different ocean areas by seismoacoustic methods and also
methods based on the use of lasers.
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The studies made in these three directions reflected new results of investigations
which are a considerable contribution to the physics of ice. These results bring
considerably closer the solution of highly important physicotechniral problems
related to artificial modification of ice and snow (radar observation of sea ice,
problems of ice destruction, evaluation of the stressed states of the ice covers

by the laser and seismoacoustic method, remote determination of large moisture re-
serves in the snow cover, etc.).

COPYRIGHT: Arkticheskiy i antarkticheskiy nauchno-issledovatel'skiy institut
(AANIT), 1975
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RADIOPHYSICAL METHODS FOR INVESTIGATING ICE AND SNOW

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUC}NO—ISSLEDOVATEL'—
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 9-16

[Article by V. V. Bogorodskiy]

[Text] Ice, one of the physical bodies occurring most widely over the surface of
our planet, is an example of a proton dielectric, a viscoelastic body, capable
with a relatively small change in external conditions of changing its micro- and
macrostructure, electric and mechanical properties. :

Continental and mountain glaciers are sources of pure water and the principal water
resources for irrigation in arid regions. The glaciers and ice covers to a consid-
erable degree are regulators of weather and climate. At the same time, glaciers and
ice covers on-the seas are features creating dangerous natural phenomena.

The shelf of arctic seas and regions of permafrost in Siberia constitute rich ware-
- houses of natural resources. Thelr exploitation is determined by the possibility of
overcoming of the ice, that is, its destruction, or use as a material. Both these
aspects lead to the need for studying all the properties of ice and snow. The diver-
sity of problems favored the formation of an independent direction in ice investiga-
tions (not only as a substance, but also as a geophysical feature), ice physics.

The physics of ice as a science has already attained considerable successes in the

- study of the atomic-molecular structure of ice, the behavior of protons in hydrogen
bonds and lattice dynamics. This has been facilitated by the work of Professor
Granicher (Switzerland) and Doctor Wall (Canada). Important investigations have been
carried out for studying the growth of ice crystals and their orientation by N. P.
Cherepanov and P. A, Shumskiy (USSR), Doctor Hobbs and Doctor Kitcham (United
States). .

However, in ice physics there are a number of problems which until now have only
been formulated., From our point of view such important problems include the ther-
moelectric effect of ice, potential jump at the boundary of development of phases
and precipitation of impurities during the growth of ice crystals from a melt and
solution. The investigation of the processes of thermoelectricity and potential
jump, to be sure, in the long run will lead to an evaluation of the possibility of
using the energy of the discussed phenomena. At the present time quantitative
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estimates are already being given for the thermoelectric potentizl gradient and the
potential gradient at the ice-water discontinuity, attalning several tens of volts.
Primary laboratory investigations show that these phenomena are in fact singular
natural generators of electric energy.

Investigations of the influence of impurities on ice structure are very interesting.
It has been established that exceedingly small quantities of impurities (F, HF) in
virtually every case bring fresh-water ice close in its properties to sea ice. Pene-
trating between the crystals, in many cases they give a complex structure with vari-
able salinity and the presence of small volumes of saline water. Such a structure
is the subject of intensive study by physicists: it is responsible for the mechan-
ical and electrical properties of ice. A comprehension of the physical principles
of the growth of crystals in the presence of impurities is of great importance in
developing reliable methods for obtaining drinking water from the sea by means of

- its freezing. The problems of atomic-molecular physics of ice were discussed more

- completely in [4].

In this article we examine some problems related to study of the electromagnetic
characteristics of snow and ice (including the optical and mechanical properties of
snow and ice and dynamics of the ice covers).

The availability of these data makes it possible to solve a number of serious prac-
tical problems: creation of radio equipment for sounding ice covers, study of the
functional dependence of the mechanical characteristics of ice, conditions for the
transfer of radiant energy through ice covers, measurement of the rate of movement
of ice covers and evaluation of their stressed state.

Electromagnetic Characteristics of Ice and Radio Probing of Ice Covers

During recent years specialists in the USSR, United States, Denmark, Canada and
Japan have carried out extensive laboratory and field investigations of the elec~

- tromagnetic characteristics ¢ and tg § of glacler, fresh-water and sea ice in a
broad range of frequencies from 100 Hz, including optical.

The generalization and analysis of theoretical and experimental data on electromag-
netic characteristics made it possible to create reliable radio apparatus for study
of the structure (tFickness, layering, inhomogeneity) and state (mean effective
temperature) of coid, moderite and warm glaciers. Using radio apparatus created
in Great Britain, Denmark, uSSR and the United States and installed on different

- carriers, new possibilities appeared for the study of the ice shields of Antarctica,
Greenland, the Arctic and other glaciers of our planet.

An important conclusion drawn as a result of radio measurements is a new idea con-
cerning the thicknezs of glaciers and the structure of Antarctic relief beneath the
ice. Figure 1 shows that the relief of Antarctica beneath the ice is not smoothed
(for example, in the zone of the Soviet investigations), as was speculated before,
but instead has abrupt dropoffs and mountains with sharp peaks. Radar makes it pos-
sible to refine maps of Antarctic relief. It is interesting that a detailed radar
survey of the polygons also revealed a very great diversity of relief. Interesting
results from radar probing of this type were obtained by researchers at the Scott
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Institute (Cambridge) and the Professor Gudmandsun Laboratory (Denmark).

Table 1
Electromagnetic Characteristics of Some Media
Medium Velocity, m/r»sec Specific ab- Measurement
: sovption f = conditions
30 MHz
Cold glaciers 169 0.065 at -40°C
‘ 169 0.025 at -10°C
Warm glaciers 169 ©0.05 at -1°C
169 0.035 at -5°C
Perennial permafrost 110 1-8 at -5°C
- 0.4-2.5 at -15°C
Fresh water bodies 33 0.5-2.5 —-—
Sandy ground 170 0.05 dry
‘ 55 2 moisture con-
tent 30%
Sea pack ice 150 1-2 at -20°C
’ thickness
2-9 m
Young sea ice 100 3-5 : at -20°C
' " thickness 0.9-

1m

A more complex cycle of measurements of the electromagnetic characteristics of sea
ice in the SHF range led to the solution of an equally important problem -- the
fundamental possibility of remote measurement of thickness of drifting sea ice. In
the USSR this problem was solved by the scientific personnel of the Arctic and Ant-
arctic Scientific Research Institute and the Institute of Civil Aviation Engineers
(Riga). At the same time this same problem was solved by researchers in the United
States, Canada and Denmark.

_ Radio sounding of glaciers and sea ice was facilitated to a considerable degree by
radio sounding of highly absorbing media: desert sands for the detection of water-
bearing layers, fresh-water bodies and permafrost.

- Table 1 gives the electromagnetic characteristics of highly absorbing media. They
show that it is possible to employ radio apparatus for sounding these media.

Fluctuations of Radio Signals in Probing of Ice Covers. Depolarization of Radio
Waves in Glaciers

The nonuniformity of ice covers and the complex structure of the underlying bed
change the amplitude, phase, shape of envelope, lag and polarization of the stud-
ied radio signals. A statistical analysis of the random process of change in the
signal amplitude, which is determined by the different influence of scattering on
the surface of the glacier and its bed, is of interest in estimating the rate of
its movement. A mass of data on fluctuations of amplitudes made it possible to

FOR OFFICIAL USE ONLY
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compute the autocorrelation radius and demonstrate its direct dependence on the
radlated frequency.

(5]

V;olh«-
o d

'l

N
N
\
\
N\

63
80

Fig. 1. Profi.es of relief under ice along radio sounding profiles. In upper left
corner -- vertical scale.

- Figure 2 illustrates the fluctuations of signals reflected by the glacier bed for

N frequencies of 440, 213 and 60 MHz. These frequencies correspond to autocorrela-
tion radii of 0.8, 1.6 and 6.1 m respectively. The frequency dependence of the

- autocorrelation radius of fj- ztuations of amplitudes can be used in measuring the

- rate of movement of glaciers in any regions of Antarctica.

In the USSR much work has been done on studying the phenomenon of depolarization
of electromagnetic waves during their vertical propagation in a glacler. Similar

investigations are being made by Clough (in the United States). Our studies indi-
- cated that one of the principal reasons for depolarization is double refraction.

Ice Optics

Recently extensive use has been made of optical methods for investigating ice.
This has been dictated by the timeliness of those scientific and practical problems
- which they make it possible to solve. Investigations of the interaction of optical

FOR OFFICIAL USE ONLY
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radiation with ice are being carried out in a wide range of wavelengths, including
both the visible and IR parts of the spectrum. Infrared spectroscopy of ice made

it possible to take a considerable step forward in the study of its molecular struc-
ture and to reveal a great diversity of structural forms.

Fig. 2. Distribution of amplitudes of reflected signals for frequencies 440 MHz
(a), 213 MHz (b) and 60 MHz (c).

The problem of radiation transfer through the snow and ice cover of water areas is
acquiring particular importance. The energy penetrating through the ice is consid-
erably attenuated and greatly changes the character of the underwater light field,
and accordingly, biological activity and the conditions for the use of different
optical systems for underice visibility and other problems.

It should be noted that an estimate of the total attenuation of optical radiation

during transmission through the ice involves great difficulties. The scattering in-
dicatrices for ice are very diverse. They are indicative of the complex scattering
properties of ice structure.

\

Mechanical Characteristics of Ice and Stressed State of Ice Covers. Movement of
Glaciers

- 10
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The study of the mechanical properties of ice and snow is an important problem
which is now being solved by the scientists of Canada, USSR, United States, Great
Britain and Japan. The increased interest in this problem is obvious: in the study
or exploitation of polar territories and ocean areas it is necessary to improve
the types of transportation and either destroy the ice or use it as a construction
material. In both aspects the success is determined by a knowledge of the mechan-
ical characteristics of the ice and snow obtained by dynamic and static methods.

A study of the mechanical properties of ice in combination with the packing of

its macrocrystalline structure made it possible to estimate the strength charac-
teristics of sea and fresh-water ice freezing under different hydrometeorological
conditions.

The acoustic method for studying the mechanical characteristics of ice has been
found to be promising. This method, not destroying the investigated medium, makes
it possible to make measurements in individual crystals, blocks and the ice cover.
The mechanical characteristics obtained by an acoustic method made it possible to
develop a method for predicting their distribution in the thickness of the ice
cover, knowing the air temperature.

At the present time for further progress in this field it is necessary to have

- new theoretical models reflecting the state of ice in response to rapid and slow
effects and taking into account the thermal oscillations of atoms and molecules,
and also the developing changes in the structure of the bonds among them during
deformation.

An equally important problem is study of the stressed state of ice covers. At the
Arctic and Antarctic Scientific Research Institute specialists are developing two
directions toward its solution: study of the sound emission of deforming ice and
use of special Doppler laser systems. Similar work is being carried out by Profes-—
sor Bentley in the United States. The principal aspect of this problem is a deter-
mination of the numerical values of the developing pressures and their quantita-
tive and qualitative correlation with hydrometeorological conditions. Information
of this character would facilitate prediction of the stressed state of ice and es-
pecially the moments of its destruction., However, this problem is considerably
- complicated by the stronz dependence of the physical properties of ice on many
factors, the strong rariability of the thickness of drifting ice, the absence
of satisfactory models for ,rediction of macroscale deformations and the drift of
ice on the basis of the mensured hydrometeorological parameters. The intensity of
the acoustic emission and the parameters of the acoustic signals radiated during
the deformation of ice can be a key to solution of the problem.

It has now been established that the amplitudes of the oscillations, the spectral
composition of waves, their velocity, duration of pulses and theilr repetition

rate are objective criteria determining the general character of stages of the
stressed state. It was also found that this information is carried by oscilla-
tions with a broad spectrum of frequencies from 10~2 to 100 Hz. However, there

is also a definite selectivity: at the temperatures of critical stresses the maxi-
mum of the acoustic emission spectrum for ice falls in the band 100-400 Hz. The
first in situ experiments revealed the good prospects of the acoustic method for
determining the stressed state of the ice cover. The correlation coefficient be-

tween the registered acoustic emission and air temperature fluctuation was about
0.8 [1, 2].
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The use of lasers also makes it possible to make estimates of the stressed state

of ice covers. The preliminary experiments carried out on the ice of Lake Ladoga in
the winter of 1972 made it possible to obtain the numerical values of stresses in
the ice [3]. The physical basis for estimating stressed state by this method is

the possibility of determining the deformation of ice under the influence of some
factors. The Doppler laser method applicable to this problem shows that the deter-
mined deformation, multiplied by the dynamic modulus, leads to an evaluation of

the stressed state. The study of glacier movement is a timely problem for whose
solution there is a good theoretical basis [5, 6].

Some progress has also been noted in the experimental investigation of glacier
movement: the basis for this progress is laser Doppler systems, the scattering
properties of the glacier bed and a detailed radio survey of oriented polygons.

The Arctic and Antarctic Scientific Research Institute, in collaboration with the
State Optical Institute imeni Academician S. I. Vavilov, has developed special
laser systems known as deformographs; these have undergone testing in Antarctica.
These tests revealed that laser apparatus with a high degree of accuracy can
register the absolute and relative rates of glacier movement.

At the Arctic and Antarctic Scientific Research Institute experiments have begun
on study of the movement of glaciers relative to irregularities of 'the bed under
the ice. We already have qualitative confirmations of a partial realization of this

- idea. The essence of the method is a repeated (with a definite time interval) de-
tailed radio survey of the relief under the ice in polygons whose coordinates were
determined with a high accuracy. A survey of these polygons repeated after a year
demonstrated the presence of a complex displacement of the glacier.
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RADAR FM SIGNALS REFLECTED FEOM ICE SURFACES AND POSSIBILITIES OF THEIR MODELING

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 17-20

[Article by A. B. Babayev, V. P. Logachev, V. N. Parfent'yev, V. A. Fedorov and
G. P. Shelomanova]

[Text] This article gives some results of experimental investigations of the phys-
ical properties of ice surfaces and the radio signals reflected from them. Experi-
mental investigations of the rangefinder signal were made with smooth and hummocky
ice of different salinity with a thickness of about 2 m.

In rangefinding it is important that saline sea ice at 1ts lower edge has a trans-
itional unconsolidated layer attenuating the reflection of the sounding signal. A
source of radiosignal loss is also the unevenness of both edges of the ice layer.
With a roughness parameter greater than 0.2 the periodicity of change in the mirror
reflection coefficient Kfy, characteristic of the layer, disappears and Kfg becomes
a random value [1]. :

In the course of making the experiment, on the basis of the measurements computa-
tions are made of the specific effective area of reflection for ice with different
degrees of unevenness of the edges. The computations were made using the formula

_ (16r)2 - I12s1n ¢ A '6h)

Y X2 ¢ Y iy ey T
. where H is the range; 5” is the angle of surface irradiation; D is the antenna am-
i plification factor; A is the radiation wavelength;zﬁﬁ&,[&Y’is the width of the
antenna directional diagram in the orthogonal planes; Pro. is the power received
in the antenna; Pg 1s the radlated power.

Figure 1 shows the dependence of <70 on the angle of irradiation of ice surfaces.
The accuracy in measurements is (1.5-2.0 db). Using the proportional relationship
Ky, K.,
= refl TOTTTTTNTY 7 Timein 21T Teals \2» 2
[K ] ”m,"‘“pl .lz('l'n;hl ) | (/m',uxpl'}‘lf_.' ("l';l'!'. ) ( )
- where K¢ is the mirror reflection coefficilent, Uref] is the amplitude of the re-
flected signal, OF, is the standard deviation of height of the irregularity, we
obtained the values for saline ice and ice with low salinity.
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The results of the computations are given in Table 1, from which it can be seen
that Kfy for ice with a low salinity is approximately twice as great as Kfg for
sea 1ce. It can be postulated that this increase in the reflection coefficient
occurs due to reflection from the lower edge of the ice layer with a low salinity

content.
- Table 1
- Coefficients of Mirror Reflection as Function of Type of Surface
Type of surface Sea water Fresh water Sea ice Fresh ice Asphalt
- Ah% Oy 0 0 0.3 0 0
Kfq 0.85 0.78 0.35 0.68 0.49

G,n6 db ‘ L
304

20

~10

~204

-30 . . .
20 70 50 0 @

Fig. 1. Dependence of specific effective area of reflection O’O_Of different sur-
faces. (1 -- ice cover with presence of small hummocks on surface; 2) same with
large hummocks; 3) smooth surface of fresh-water ice; 4) snow field; 5) smooth
water surface); 6) dependence of uj and uy on angle of irradiation ‘PO'

An investigation of the accuracy characteristics of rangefinders operating in the
centimeter range indicates that they all gilve exaggerated readings in the case of
measurement over an ice layer. An analysis of structure of the reflected signal
revealed that there are two maxima in the signal spectrum corresponding to reflec-
tion from the upper and lower edges of the ice layer.

The ratio Uj/U(¢¥) with a change in the angle of irradiation of the ice layer is
of interest. The experimental curve U1/U(() is also shown in Fig. 1 (ice with a
low salinity, AHic = 2 m). The figure shows that with a change in the irradia-
tion angle ‘P the refationship of the signals from the two edges changes to a

14

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020048-2



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000500020048-2

FOR OFFICIAL USE ONLY

considerable degree. The mechanism‘of this change can be att-ibuted to the dif-
ferent angles of refraction at the discontinuity of the two media and signal scat-
tering on the uneven boundaries of the layer.

The results of the experiment cited above indicate that the accuracy of the read-
ings of the rangefinders over a layered ice surface deteriorates. In addition, the
experiment revealed that anomalous phenomena at the time of radio signal reflection
from the ice layer can be used in obtaining information from the reflecting sur-
face. :

- The problem of reflection from a layer with uneven discontinuities is complex and
for the time being no rigorous solution has heen obtained. For this reason for the
special problems of radar observation of ice it is desirable to use a model based
on representation of the layer in the form of a set of independent elementary re-
flectors distributed in space.

The basis of the model considered below is the results of experimental investiga-
tions of the operation of frequency rangefinders in the centimeter range and some
results which were mentioned above. The radio signal reflected from the ice layer
can be written in the form of the equation

() BN, ¢, 1), 3
6 9 H .

where 69, %’, H are the spherical coordinates of the spatial position of elementary
reflectors. Assuming the antenna diagrams to be axisymmetric and the reflecting
medium to be isotropic with respect to azimuth ¢, the signal at the output of the
balanced mixer can be determined using the formula

e (1) =;IZ;,E(H, H, t)cos|b (8, H, t)-|—‘[f(1?_ H)), (4)

where qd(é?, H) is the equiprobable initial random phase. After the necessary com-
putations it is possible to obtain the time-averaged correlation function of this
signal [1,2]

[6 = ball Re(t, %) =M DB, 1) X (O, 1) cos 2zl
e w6 1l Kot (5)

- where é,k(Q, H) is depende i+ on the type of modulating function; DZ(Q, H) is the
dispersion of an elementarv signal.

The averaged energy spectrum of the signal of beats in this case is written in the
form of the equation

SalF. -=X X028, 11) N 3(f-- kF )& (0, ¥1). )
W |

In the case of a pencil-beam antenna the broadening of the spectrum will occur only
due to the thickness of the reflecting layer. The factor DZ(EQ, H) includes the nor-
malized function f(&, H) characterizing the reflecting properties of the ice. In
the case of a pencil-beam antenna

f(H, II) :fH(II)IH..‘UIIIISI' (7)
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For ice with a low salinity and fresh ice in the centimeter range the function
fE)(H)’ as demonstrated by the experiment, is approximated well by the expression

FulH)== AB (-~ HL) |- A (H — I), (8

where 5 (z) is a delta function; Aj, A2 are coefficients dependent on the electro-
physical parameters of the reflecting layer of ice.

With expression (8) taken into account, the readings of the frequency rangefinder
in the case of narrow antenna directional diagrams can be written in the form

. 43f - F,, - 11, B |
e A sy X

Ay II';' 9

BRIV UNA
c

F,-

¢

where gice is the mean value of the dielectric constant in the thickness of the
ice; Fy is the modulation frequency; A f 1s the frequency c=2viation; c is the
speed of light.

For practical computations a major role is played by the values of the electrophys-
ical parameters of ice in the SHF range. We used the results of measurement of
€ jce and tg§ oo Obtained by B. T. Kapitkin.

All the experimental results and computations cited above indicate that rangefinder
FM apparatus can be used with some modernization for determining the parameters of
the ice layer, for example, its thickness AHj .. A simplified block diagram of one

= of the possible methods for processing the rangefinder signal for determining the
thickness of the ice layer should contain an envelope detector and a unit for meas-
uring the mean modulation of signal frequency, averaged for the period, at the out-
put of the envelope detector.

With expressions (6) and (8) taken into account, it can be shown that the mean mod-
ulation of signal frequency, averaged for the period, at the detector output in the
case of a narrow antenna directional diagram is proportional to the ice thickness

AHice‘

In conclusion we should note the following facts:

1. The results of experimental investigations of the reflecting properties of ice
surfaces make it possible to find new methods for obtaining information on the re-
flecting surfaces.

2. It is fundamentally possible to determine the thickness of a thin ice layer on
the basis of use of radio rangefinding FM apparatus.
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INFLUENCE OF ICE STRUCTURE ON ITS RADIATION CHARACTERISTICS IN THE SHF RANGE

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 21-23

[Article by A. Ye. Basharinov and A. A. Kurskaya]

[Text] Experimental investigations of radiothermal radiation of sea and continental
ice carried out in the Soviet Union and the United States have revealed the spec-
tral characteristics associated with the nature of ice, its age, degree of salinity
and microstructure [1-4]. In this article we describe the influence exerted on

the SHF radiation characteristics of sea ice by the effects of scattering on air
bubbles and small inhomogeneities.

The microstructure of sea ice experiences changes dependent on the conditions of

ice formation and age. Young ice with a thickness of the layer of several deci-
meters has increased moisture content and salinity. With an increase in ice age

the moisture and salinity content decrease. In the upper layers of the perennial ice
there is an increased content of air bubbles. With a strong degree of porosity the
air content increases to 100 cm3/kg. :

According to data from measurements made on the artificial earth satellite "Cosmos-
243" over the Antarctic zone, in the region of perennial ice there is an apprec—
iable decrease in radiobrightness temperature for the short-wave parts of the range.
Figure 1 shows experimental data.for the spectral dependences of the degree of
blackness for young and perennial ice obtained in processing the results of observ-
ations cited in [1, 4]. The transfer of radiation in the upper layers of perennial
sea ice 1s accompanied by the effects of scattering on inhomogeneities of the diel-
ectric constant. The emissivity of ice formations is determined by the value of the
dielectric constant and the thickness of the ice layer [2].

The effect of the influence of internal scatterings, dependent on the relationship
of the sizes of the inhomogeneities, wavelength and degree of ice porosity, is re-
flected in the form of the spectrum of radiobrightness temperatures and on the
angular characteristics of the radiation field. The degree of blackness of the
emitting layer of ice, with internal scatterings taken into account, is evaluated
using the expression

w~ 1R A (=R, 1)
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where Rg 1is the reflection coefficient at the boundary of the ice layer, determin-
ed without allowance for internal scatterings; P, 1s a coefficient characterizing
the fraction of the power scattered on inhomogeneities; @j..(1 - Rg) is a coef-
ficient characterizing the fraction of the power scattered in the upper half-space.

0,9 4

0,8

—— |

T T T
o \ 3 5 7 Nyem

Fig. 1. Cs:puted and experimental spectral dependences of degree of blackness for
"young" and "0ld" ice obtained in processing the results of observations on the
"Cosmos-243" artificial earth satellite and from "Convair-990."

With allowance for the effects of single scattering from randomly distributed small
inhomogeneities the mean value of the coefficient of reflection from an elementary
volume is determined by summation of the partial scattering fields

R\ AN -

Py .;:zolr——:——;ﬁ/--"d ) (2)
where Ui is the scattering section of the inhomogeneities; dN/dV is the spatial
density of the inhomygen ities.

The mean value of the refieccion coefficient from a layer with a depth correspond-

ing to the skin layer 1s determined using the formula aN -«0)’
=== 0 M) Loy,

[2 = elem(entary) ] av

where ] elema = A 27 fé tg § is the depth of the skin layer.

is the depth of the skin layer.

The spectral dependence of the scattering section, determined by the relationship

of the sizes of the inhomogeneities and the wavelength, is manifested in the form of
a decrease in the degree of blackness with a shortening of the wavelength.

Model computations of the spectral depeadence of the degree of blackness of the ice

cover were carried out taking into account the contribution of the effects of scat-
tering on bubble inhomogeneities of ~ spherical form on the assumption of a
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uniformity of the structure of the upper layer to a depth of 30-60 cm. A comparison
of the computed and experimental values of the spectrum of the degree of blackness

for long-term sea ice makes it possible to evaluate the degree of porosity of ice

samples (see Fig. 1). Thus, an evaluation of the content of air inclusions for the

. sounded ice fields gives 30-50 cm3/kg with a mean diameter of the bubbles of about
1 mm. The difference in the SHF spectral characteristics of one-year and perennial
ice can be used in the diagnosis of sea ice.

4,
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REMOTE MEASUREMENT OF SEA ICE THICKNESS BY RADAR METHODS

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 51-54

[Article by M. I. Finkel'shteyn, V., A, Kutev, V. G. Glushnev and E. I. Lazarev]

[Text] Introduction. The radar method, based on measurement of the time interval
between separately observed signals reflected from the ice boundaries, is widely
used in measuring the thickness of glaciers, for example, in Antarctica [1]. Due
to the successes of nanosecond pulsed apparatus and the technique for the process-
ing of signals the method can be applied to thinner sea ice whose thickness usual-
1y does not exceed 2 m. However, a great attenuation occurs in this case.

In order to compute the ratio of the amplitudes of signals reflected from the boun-
daries of sea ice it is possible to use the data of J. Addison [7], which are con-
firmed by our radar sounding of sea ice. There is a definite "frequency window"
lying in the meter and partially in the short-wave wavelength ranges [6].

Method of Individual Radio Pulses

A radio pulse is characterized by the presence of at least several, for example,
three periods of high-frequency oscillations, so that the minimum activity is
Tumin = 3/f, where f is the frequency of high-frequency oscillations. This cor-

B responds to the minimum thickness of the homogeneous layer of ice hjceyin =
ViceTu in/2, where vice = - Re/ £ {ce 1s the velocity of radio wave propagation
in ice (¢ jce 1s the comples dielectric constant).

Table 1 gives the limiting hicepin values and the ratio r of the bottom/top ampli-
tudes [2]. The salinity of ice was selected so as to be characteristic for sea
ice of the corrcsponding thickness (ice temperature -30°C).

The table shows that of the three frequencies only for f = 40 MHz is the ratio of
the bottom/top amplitudes acceptable for measurement from the point of view of
resolution of signals with a limited ice thickness. However, in this case hicepin
= 5.9 m. With higher frequencies the bottom/top ratio S; 0.1, which makes the
process of measurement of the time interval between two reflected pulses, being
at the limit of resolution, virtually impossible. Only a frequency f = 300 MHz
makes a resolution of 0.8 m acceptable for practical purposes, but in order to
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ensure measurements there must be an increase in the r ratio by two orders of
magnitude, for which the salinity of ice must be approximately three times less.

Tabie 1

Dependence of Kesolution and hicemin Value on Frequency of Sounding Signal

f, MHz ‘ﬁumin’ nanosec S,% hicepin® ™ o r

- 40 75 1-1.5 5.9 0.38
100 30 5-6 2 0.1

300 10 12-13 0.8 0.03

Method for Shock Excitation of Antenna

In 1960 J. Cook proposed the use of a monopulse in the form of one period of a
high-frequency oscillation for ensuring the contradictory requirements of use of
the above-mentioned frequency window and maintenance of the necessary resolution
[8]. The shock excitation of an antenna was proposed in order to obtain a mono-
pulse. It should be noted that the optimum shape of a pulse from the point of
view of the best resolution in the case of shock excitation differs from a mono=
pulse [3].

This method was checked by M. Meyer, using horn antennas having a frequency band
from 150 MHz to 600 MHz [10]. In our experiments (in 1969 from a beacon ana in
1970 from aboard a helicopter) the shock excitation method was used by us in ap-
paratus for the shaping of short radio pulses. Using wind-band vibrator antenras
it was possible to obtain radio pulses with a duration of 6, 12, 20 nanoseconds
corresponding to the central frequencies 440, 300, 140 MHz. In addition, using:
more low-frequency antennas with a central frequency of .70 MHz it was possible
to obtain pulses with a duration of 40 nanoseconds. In addition to measurement of
ice thickness, the inverse problem was solved: determination of thé ice parameters
- from the ratio of the amplitudes of the signals and the time interval between
them [4].

These experiments confirmed the possibility of using the method for fresh-water
and slightly saline ice and its inapplicability for highly saline sea ice. This
is associated with a strong nonuniformity of the frequency characteristic of real
antennas, especially in the low-frequency region, which leads to the "ringing"
phenomenon. This was mentioned by S. Evans as an important technical problem [9].

Videoimpulse Method (Method of Shock Excitation With Correction)

We proposed and from aboard a helicopter (1971) and aircraft (1972, 1973) made
practical use of a method for the compensation of ringing based on the use in the
receiving channel of narrow-band channels for the multiple frequencies F, 2F,...,
nF, which jointly with the frequency characteristic of the antenna form a uniform
comblike filter [5]. The signal with which a particular comblike filter is matched
is a packet of video pulses with the repetition rate F. Measurements can be made
from one of the pulses in the packet.
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Fig. 1. Dependence of true thickness of ice hj.e On time interval between pulse
maxima At. 1) Sjce = 4.5-13%/00, t = =22 - -36°C; 2) 1.5-2.5%°/00, tyaprer = ~8-
-18°C; 3) perennial ice. '

water

Our experiments revealed the possibility of measuring the thickness of sea ice be-
ginning with 50-60 cm. The presence of an adequate stability of the mean velocity
of radio wave propagation in ice of different thickness was demonstrated for sev-
eral gradations of the state of ice (Fig. 1). For one-year sea ice at an air tem-
perature tyir —20°C and a mean ice salinity S = 4,5-13°/oo the velocity of radio
wave propagation in the ice is 2.3 times less than in the air. With a decrease in
salinity this ratio decreases to 2 or more to the known value 1.79 for fresh ice.
An increase in air temperature t,i, above -20°C exerts a considerable influence on
the attenuation of radio waves in ice. In this case for young highly salinz ice and
perennial ice the s‘gnal dos not attain the lower layers, which makes it difficult
to determine the velocity o’ radio waves in the ice and also calibration when meas-
uring the thickness of such ice.
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INSTRUMENTATION FOR INVESTIGATING SPECTRAL REFLECTION OF LIQUID WATER IN THE
WAVELENGTH REGION l—SO}Lm

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 74-79

[Article by M, A. Kropotkin]

[Text] Remote sensing methods, based on use of radiations in the IR range, are
now being used more and more extensively in measuring the temperature of a water
surface. In interpreting the results obtained by remote sensing methods it is
necessary to know such optical characteristics of the water surface as the coef-
ficients of spectral reflection, spectral and integral radiation in the visible
and especially in the IR part of the spectrum, and also the dependence of the
optical parameters of water on such factors as salinity and temperature.

Investigations for study of the reflection of 1liquid water in the IR range have al-
ready been carried out over the course of several decades. During recent years the
reflection properties of liquid water are being investigated especially intensive-
ly. Work on investigation of the reflective properties of liquid water has also
been carried out at the Department of Principles of Electrovacuum Technology at

the Leningrad Electrotechnical Institute.

In this article we describe instrumentation used at the Leningrad Electrotechnical
Institute for measuring the spectral coefficients of reflection of liquid water

in the wavelength r~.ige from 1 to SOFLm [2, 3] and give some results of the inves-—
tigations made.

The study of the spectral reflection of liquid water is complicated by the fact
that, first of all, the coefficients of reflection of 1liquid water, especially
in the case of small angles of incidence, in the IR range are small, and second,
the surface of the liquid water does not remain plane due to vibrations of the
ground. Accordingly, sometimes reflection at the air-liquid water discontinuity-
is not investigated, but instead at a dielectric-water discontinuity. The coef-
ficients of reflection of the latter are then determined by computations. In ex-
perimental respects such a method is very convenlent, but due to the absence of
materials transparent in the IR region and insoluble in water, such a method can
be used only in the region of wavelengths less than 12—15P1m.

At the Leningrad Electrotechnical Institute the investigation of the spectral re-
flection of liquid water has been accomplished using instrumentation in which a
mirror hemisphere 1s used for focusing the radiation reflected by the water.
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Duc to the use of this hemisphere there is a considerable reduction in the harmful
influence of ground vibration.

In the wavelength region up to 20[Lm the measurements were made with an attachment
to a standard single-ray IR spectrometer, whose optical diagram is shown as Fig. 1.
In this attachment the cell with the water to be investigated and the radiation
detector are situated under the mirror hemisphere at an identical distance from

- the center of the hemisphere in the plane of its great circle. The plane mirror

) M; can be rotated. When making measurements of reflected radiation this mirror
directs monochromatic radiation onto the water surface to be investigated. The
reflected radiation is focused by the mirror hemisphere onto a radiation detector.

When measuring the incident radiation the mirror Mj is turned into a second posi-
tion, in which it directs the radiation directly onto the detector. Thus, if the
reflection coefficient of the mirror surfacing of the hemisphere 1is known, by
means of this attachment it is possible to measure the absolute reflection coef-
ficient of water.

The reflection coefficient of the mirror surfacing of the hemisphere was determined
with an accuracy to +1% by measuring the reflection coefficient of a plane mirror
which was sprayed simultaneously with the hemisphere. The possibility of measuring
the absolute reflection coefficient is an important advantage of this measurement
method since in the measurement of the relative reflection coefficient it 1s neces-
sary to use a comparison mirror. In this procedure it is necessary to take into ac-
count the difference in the character of the polarization of the radiation re-
flected by the water and comparison mirror, especially with angles of incidence
close to the Brewster angle.

As the radiation detector use was made of a radiation thermoelement with a window
- RRS = 5. In measurements in the wavelength region up to 10pm the recording in-
strument was an M 195/2 multilimit galvanometer, in parallel with which a 1.7~
l:ilohm resistor was connected. The response of the measurement system could there-
fore be varied: it was maximum when measuring reflected energy and 10 times less
when measuring incident energy. With measurements in the wavelength region 12-20
pem, where the source energy is small, the galvanometer was replaced by a d-c am—
plifier and an EPP-09 automatic recorder.
In the wavelength zone from 20 to 50p.m the measurement of spectral reflection of
liquid water was accomplished using an apparatus consisting of a long-wave single-
ray IR spectrometer designed using a Pfund autocollimation scheme in which the
dispersing element used was interchangeable diffraction gratings and an optical
system focusing the monochromatic radiation either on the sample or on the detec-—
tor. The optical system and the diffraction gratings are situated under the mirror
hemisphere. The switching of the ray from the sample to the detector is accomplish-
ed using the rotatable spherical mirror.

The source in this apparatus is a globar (lamp); the detector is a radiation ther-
moelement with a KRS-5 window operating in combination with a d-c amplifier and an

- EPP-09 electronic automatic recorder. In order to suppress the scattered short-wave
radiation the optical system of the monochromator has two fluorite reflecting fil-
ters and a transmission filter of smoked polyethylene. In addition, in the measure-
ments use was made of a cutting slide of sodium fluoride. All the enumerated
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measures made it possible to reduce the level of scattered interfering short-wave
radiation to 1-2%.

Fig.

[:3Y
0,084 /./.\./'(-/
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0,02-

A, unm P‘m

Fig. 2. Reflection spectrum of liquid water.

During the measurements the water was poured into a special cell which was divided
into a number of sections by several horizontal and vertical partitions. The water
layer over the upper horizontal partition was 1.5 mm. Adjustment was accomplished
by use of a flat mirror whose reflecting surface was placed at the level of the
upper section of the cell. Upon completion of adjustment the mirror is removed and
the cell is filled to the edges with water.

In all the measurements a convergent beam of rays with an angle at the vertex in

- the plane of incidence of 5° was incident on the investigated surface. The angle
of incidence for the central ray of this beam was 17°. The nonparallel nature of
the incident beam is a source of additional errors, but with a change in the angle
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of incidence in the range +5° it 1s possible to assume that the change in the co-
efficient of reflection of water as a function of ‘the angle of incidence is lin-

- ear; therefore, the error in determining the reflection coefficient, caused by the
nonparallel nature of the incident beam, is small. According to our estimate it is
not greater than 1%.

The nonlinearity of the radiation detector, d-c amplifier and electronic potentio-
meter can exert a substantial influence on measurement accuracy. The influence of
nonlinearity of the thermoelectric detector in this case is insignificant since
the measurements are made twice at each wavelength: for incident and reflected
radiation. From this point of view the presence of some selectivity of the thermo-
element is also unimportant.

The nonlinearity of the d-c amplifier (an FEOU-18 was used for this purpose) was
caused by the nonuniformity of illumination and response over the surface of the

- photoelements. If prior to each measurement a zero position of the boundary between
the light and shadow is set strictly in the middle of the second stage grids, the
FEOU is linear with an accuracy to 1%. In order to decrease the influence of nonlin-
earity of the EPP-09 electronic potentiometer on the measurement accuracy, in. this
work use was made of a specially selected automatic recorder the nonlinearity of
whose scale did not exceed 2%.

Thus, it is extremely difficult to make a precise evaluation of the error possible
when determining the absolute values of the reflection coefficients. It is evi-
dently a value not greater than 4-57. The checking of the reproducibility of the
results indicated that in the case of repeated measurements the scatter of the de-
termined values does not exceed 2.5%.

Figure 2 shows the reflection spectrum of distilled water (curve 1) which we ob-
tained using the described apparatus. As a comparison, this same figure shows the
reflection spentra of water obtained by other researchers. Curve 2 was taken from
[7], curve 3 —- from [8], and curve 4 —- from [9]. Curve 5 was computced from the
values of the optical constants of liquid water cited in [11.

Figure 2 shows that the reflection spectrum of liquid water which we obtained is
characterized by the selective reflection bands at 2.93 and 6.1y m, and also at
44 and 48p.m. A somewhat greater value of the reflection coefficient in the re-
gion of wavelengths less than 12pm is attributable to the fact that the data of
other authors were obtained with lesser angles of incidence (curves 2, 3 with
a normal angle of incidence, and curve 4 with an angle of incidence 10°). In the
more long-range spectral region our results also satisfactorily agree with the
results of other authors. The selective reflection bands which we discovered at
44 and 48pAm agree well with the absorption bands in the spectrum of liquid water
- obtained by N. G. Yaroslavskiy and A. Ye. Stanevich [5]. True, in a later publica-
tion dealing with the investigation of the transmission of liquid water in the
long-wave IR spectral region [6] the mentioned bands are absent. In [6] the ab-
sorption spectrum was determined using a two-component spectrometer. The authors
of this article assume that the bands discovered by N. G. Yaroslavskiy and A. Ye.
Stanevich were caused by the absorption of the water vapor present in the volume
of the spectrometer. However, the DIKS-1 used by N. G. Yaroslavskiy and A. Ye.
Stanevich was of the vacuum type, so that this cause is improbable.
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The described apparatus can also be used in studying the reflection spectra of
snow and ice. However, in an investigation of smow and ice in order to preserve
the natural state of their surface it is necessary to use special refrigeration
apparatus. For this purpose it is convenient to use miniaturized semiconductor
condensers produced by our industry. In the case of use of refrigeration apparatus
it is difficult to ensure a small distance between the investigated sample and the
radiation detector. If a mirror hemisphere is used, this distance cannot be great
- since its increase is linked to a sharp increase in aberration of the hemispher-

ical mirror. There is a particularly strong increase in aberration in the case

of a diffuse or mixed character of reflection from the investigated object, such

as snow.

In the case of considerable aberrations of the optical system in order to measure
the entire reflected flux it is necessary to have an indicator with a large re-
ceiving area. Such an indicator has a low sensitivity.

It can be shown that a mirror semiellipsoid (half of a mirror whose surface is
formed by the rotation of the ellipse about the semi-major axis) has considerably
lesser aberrations. With the use of a mirror semiellipsoid for measuring the re-
flection coefficients a sample is placed in one of its foci. This sample is ir-
radiated through an aperture in the upper part of the semiellipsoid, whereas the
radiation detector is placed in its other focus.

In the Department of the Principles of Electrovacuum Technology at the Leningrad
Electrotechnical Institute a new variant of an attachment has been developed for
the IR spectrometer. Here a mirror hemisphere is used in place of a mirror semi-
ellipsoid [4]. Work is also being done on replacing the mirror semiellipsoid in the
apparatus intended for measuring the reflection coefficients in the region of
wavelengths 20—50P.m‘

The described apparatus is now being used at the present time at the Leningrad
Electrotechnic¢al Institute for studying the influence of salinity and temperature
on the spectral reflection of water, and also for investigating the optical prop-
erties of snow and ice in the IR range.
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ICE BEHAVIOR IN HIGH-STRENGTH RAPIDLY VARYING ELECTROMAGNETIC FIELDS

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SHEGA in Russian No 326,
1975 pp 90-93

[Article by L. B. Nekrasov]

. [Text] Theoretical and experimental investigations of recent years indicate the ex~

! istence of a fluid or quasifluid water film on the ice surface. The hypothesis of
existence of a thin water film on the ice surface at temperatures below its melting
point was expressed for the first time by Faraday in 1860 in [6]. The matter of
the energetically stable existence of a water film on an ice surface at negative
temperatures was the subject of a discussion between Faraday, Thomson and Tyndall

- [5]. The hypothesis of a quasifluid film on the ice surface was further developed

i by Weyl, who attempted to explain the existence of film water on the ice surface
on the .basis of the concept of an impaired structure of the surface layers of
solids.

“i There are now experimental data [7, 8] indirectly confirming the presence of a
water film on the basis of measurement of the tensile strength and shearing
strength of ice, especially that frozen on a plate of stainless steel and optical
quartz. Experiments for studying shearing strength gave values which could be
expected if one accepts the hypothesis of the existence of a quasifluid layer be-
tween the ice and the surface of these materials.

Dilatation experime-cs give rise to fractures in the ice mass. There were no frac-

- tures of the material (quar' . plate) at the ice-surface contact. The author pos-
tulates that the factor rcsponsible for this is surface tension forces in the
quasifluid layer existing between the ice surface and the plate.

The existence of a fluid film on the ice surface is indicated by investigations
of nuclear magnetic resonance, making it possible to obtain information on the

- degree of mobility of molecules. Due to the inadequate response of the nuclear
magnetic resonance method data were obtained [3] confirming the existence of film
water only in highly disperse ice (hoarfrost on the walls of a Dewar vessel with
liquid nitrogen).

These data once again confirm the widely held opinion that the adsorbed state of
water in the form of a quasifluid film is a common property of the disperse
. state of matter. Nevertheless, nuclear magnetic resonance data do not give a con-
- vincing answer to the question as to whether there is a water film in monolithic
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- semicrystalline ice -- the most interesting case for practical purposes.

Studies for investigation of the adhesion properties of ice, in our opinion, make

_ the problem of the existence of a quasifluid film in monolithic ice still more de-
batable. We made an attempt at experimental confirmation of the fact of existence
of film water in semicrystalline ice on the basis of its behavior in highly vari-
able high-strength electromagnetic fields.

It is well known that ice, especially pure ice, being a good dielectric, is vir-
tually not heated in highly variable fields even of a very high strength. How-
ever, as indicated by our experiments carried out in the Problems Laboratory of
Destruction of Rocks by Powerful Electromagnetic Fields of the Leningrad Mining
‘nstitute, semicrystalline ice at negative temperatures is extremely effectively
destroyed in a high-strength HF electromagnetic field.

The experiments were carried out with strongly mineralized ice (prepared from sea
water), ice with slight mineralization (distillate) and ice prepared from chem-—
ically pure water (subjected to anion-cation purification and degassing). The
destruction of ice in all cases developed approximately identically: after 1.5-2
sec from the time of exposure to an electromagnetic field (E = 4 KV/cm; £ = 40.68
MHz) the ice (weakly mineralized) loses its optical and mechanical homogeneity;
after 3-4 sec poorly distinguishable inclusions of volume water and voids appear
in the sample; after 7-8 sec there is a stage of intensive fracturing of the
sample, ending with complete disintegration into individual crystals.

As is well known, dielectric heating is determined by the loss factor £" =£'

tg 9 . The value of this characteristic for quasifluid films at the ice surface is
not mentioned in the literature. However, there is basis for assuming that the
value of the loss factor £ " for film water at the ice surface must not differ
greatly from the adsorbed water on other substances at the corresponding tempera-
tures and frequencies. We will compare £" for the ice and water adsorbed on sil-
ica gel at negative temperatures and also for ice and volume water at positive tem-
peratures.

- For adsorbed water at frequencies of hundreds of MHz at a temperature to -70°C
tg S = 51072 and £' = 4 [1]; E£' is slightly dependent on frequency and temper-—
ature [2]. At frequencies of about 2 MHz and with a temperature of about -30°C
tg 4 = 0.3 [2]. There are far more data on the electric properties of volume water
and ice. Since the rate of dielectric heating is dependent primarily on the fac-
tor of losses of the heated material and on field frequency, it is desirable to
examine the behavior of volume water in high-frequency fields in dependence on
these characteristics. Source [4] gives the dependence of &' tg S f=E"f on
field frequency for volume water and ice in a broad frequency range.

The value &"f for water in the range of high and especially superhigh frequencies
greatly exceeds this same value for ice. For example, at a frequency of 2375 MHz
(the frequency of industrial technological apparatus) this value for water is 3.6
1010, whereas for ice (with t = 20°C) it 1s equal to only 4.3-100,

We will compare the electric characteristics of ice, film and volume water at nega-

tive and positive temperatures. It was demonstrated in [1] that at a frequency of
213 MHz tg é for ice is (4.2—7)-10'4, whereas the dielectric constant is 3.2.
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Tn other words, the loss factor £'" for ice at a frequency of 213 MHz is equal to
- 1.5+10"3. For adsorbed water at negative temperatures at this same frequency g" =
2-10-1, for volume water at positive temperatures ——£" = 2.4.

Scaled to the value £' tg § f (determining the capacity of the material to absorb
HF energy) for ice, film water (at a temperature corresponding to the temperature
of ice) and volume water (at a temperature close to 0°C) we obtain the values
3.2-103; 4.3-107 and 5.1-108, Thus, the intensity of absorption of the HF energy
by the film water at a frequency of 213 MHz exceeds by two orders of magnitude

(to be more precise, by a factor of 111) the intensity of absorption of HF energy
Ly ice at this same frequency.

The intensity of absorption of HF energy by volume water in comparison with ice is

- still greater (by a factor of 160). In the light of these data the behavior of the
polycrystalline ice in rapidly variable high~strength fields can be explained in
the following way. Under the influence of a high-frequency field on the ice the
absorption of energy occurs for the most part at the surface and at the boundaries
of the grains. As a result, the liquid layer will increase and the mechanical
strength of the ice will decrease. From the moment of appearance of the volume water
the process of ice destruction will be accelerated still more (avalanchelike pro-
cess). With some critical thickness of the water layers between the ‘ndividual
crystals the ice monolith breaks apart under its own weight.

For highly mineralized ice it is also possible to give other explanations of the
behavior of ice in an electromagnetic field. The admixtures dissolved in the water
at the time of phase transitions are squeezed toward the boundaries of the crystals
and can be the source of local losses leading to the fracturing of the ice without
melting in its entire mass.

However, such a mechanism can scarcely explain the similar pattern of behavior of

ice prepared from distilled water. In any case, for ice which is virtualiy com-

pletely deprived of chemical admixtures, the explanation of the observed pattern

of destructlon is obviously different. Evidently, the only possible source of in-
- creased dielectric losses in the semicrystalline ice may be film water, whose

£ ' and tg § parameters, according to available data, are much greater than for

ice.
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DYNAMICS OF ICE IN COASTAL REGIONS ACCORDING TO DATA FROM SIDE-LOOKING RADAR
SURVEY FROM AIRCRAFT

Leningrad TRUDY., ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL '~
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 104-113

[Article by S. M. Losev and Yu. A. Gorbunov]

[Text] Among the new noncontact methods for investigating the ice cover which have
come into practical use during the last decade is a side-looking radar survey from
an airecraft [1, 3, 5, 7]. In this article the emphasis is on those possibilities
which are afforded by a radar image in a study of the drift of ice and some pheno-
mena associated with it.

Experience in work with the films of an electronic photorecording unit of a side-
looking radar station convinces us that they contain much important information
which can be used successfully for a deeper investigation of the kinematics and
dynamics of the ice cover.

The materials from surveys with a side-looking radar in arctic seas during the per-

iod from 1968 through 1972 were used by us in investigating the following problems:

influence of the land on the forming of drift in the coastal regions, spatial vari-

ability of the field of velocity of ice movement, mobility of ice fields relative

to one another and their rotation, compression and thinning of the continuous drift-
ing ice.

Much of the materials used l.cre were obtained in ice aerial reconnaissance. The sur-
veys were carried out both along individual flight alines and along parallel runs
with coverage of a considerable area of the sea. The time interval between observa-
tions in one and the same region for the most part was two days.

A knowledge of the peculiarities of ice drift in the coastal reglons is of great
importance for ensuring navigation and also for the designing and operation of
different kinds of hydraulic structures. However, there have been no effective
methods for investigating the patterns of movement of ice under the real conditions
prevailing in arctic seas with simultaneous coverage of quite extensive zones. In

- turn, attempts at an analytical solution of the problem of ice cover drift have
not always been successful due to the difficulties in correct allowance for
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influence of the land. In this respect the data obtained using a side-looking radar
can give much which is highly valuable for both practical work and for theory.

The material which we had at our disposal made it possible to analyze several
schemes of the fields of velocity of drift of packed ice in the neighborhood cf
the islands. It was established that as a result of the transfer of the normal
pressure forces in the ice cover on the drift side of the islands there is forma-
tion of zones of compression within which the normal drift component v, decreases
with approach to the shore.

As the extent of the nondrift zone of influence of the island we will use the dis-
tance Lg in the direction of the general drift from the point where a decrease in
velocities to the central part of the island begins. Then the extent of the zone
of influence of the island can be expressed by the value

Lf

h’

where h is the section of the island along the normal to Lg, According to the col-
lected data this ratio was close to 5 (Table 1).

Table 1
Characteristics of Field of Ice Drift Velocity on Drift Side of Island (Summertime)

Measurement Length of Section of Vmax>  Extent of Extent of Lg/h Lg/h

series island, km island along km/day zone of zone of
normal to fixed ice island
drift h, km Lg, km influence
Lg, km »
1 11.1 9.6 11.8 8.1 50.4 5.25 0.84
2 12.0 12.0 10.5 11.1 58.1 4,84 0.92
3 14.5 11.5 14.7 10.8 61.4 5.34 0.94

mean 5.14 0.90

The change in the component v, in the direction of the general drift as a function
of distance to the shore L is characterized by a regularity which in general form
can be represented by the equation

Y. ( L
U"max L, ) ’
where vp is the normal component of drift velocity at the boundary of the zone of

influence of the island; L, is the distance from the shore to the boundary of this
zone.

Directly near the island on the drift side there 1s formation of a zone of fixed

ice in the form of a wedge directed toward the drift and giving the island a stream-
lined shape. In summer the ratio of the length of the wedge Lg, measured from the
section h, to the value of the section itself on the average is equal to 0.9. In
winter as a result of freezing together of the ice the wedge can be more elongated.
According to data from one of the surveys made during this period the Lg/h value
was 1.51.
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On the approaches to the wedge the drift divided and the ice, bending around the
island on both sides, again converges on the opposite side. The zone of open pack
ice developing beyond the island disappears at a distance from 0.4 to 2h. The zone
of influence of the island on the field of velocity of movement of the ice on the
sheltered side is approximately half as great as on the drift side. The increase

in velocity beyond the island ceases on the average at a distance of 2.5 h (Table
- 2).

Table 2

Characteristics of Field of Ice Drift Velocity on Sheltered Side of Ialand (Summer)

Measurement Length of Section of island Extent of zone Lb/h

series island, km along normal to of influence

drift h, km of island Ly,

km

2 12.0 12.0 32.0 2.67
- 3 14.5 11.5 32.0 2.78
4 37.0 26.0 62.0 2.38
5 22.0 16.5 35.5 2.15
mean 2.50

') ,nm/cymu
24

g =23°

YT TV T Ty “I_T""I""r—"r"‘r—l_,m
Y 10 20 30 40 50 80 70 B0 80 100 110 120 130

Fig. 1. Change in drift velocity components of packed ice as function of distance
to shore. 1) normal component; 2) tangential component.

The use of films for the photorecording unit in a study of ice drift in straits be-
tween two islands or between an island and the mainland made it possible to estab-
lish that the formation of zones of compression and fixed ice on the drift side of
the islands creates the effect of an "increase" in the length of the strait. For

this reason the zone of increase in the velocity of ice movement at the entry into
a strait is 1.2-2 times longer than the zone of decrease in velocity at the exit

from the strait. The profiles of the velocity of the tangential component of drift
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across the central part of the strait and between the zone of compression and
the shore of the mainland to all practical purposes are similar to one another.

It is known from observations that the shore exerts a different influence on the
normal and tangential drift components. However, traditional methods for the study
of ice drift under real conditions (radio beacons, DARMS stations, drifting sta-
tions) have not given simultaneous data for a detailed spatial analysis of change
of these components. Surveys made using the side-looking radar make it possible to
carry out such an analysis. ’

Figure 1 shows the change in ice drift velocity components for ice with a continuity
of 9-10 units. The surveys were made in winter. In this case at a distance of 130-
140 km from the land, where the drift components for all practical purposes no
longer changed, the general direction of ice movement was at an angle = 23° to

- the boundary of the shore ice (the width of the shore ice was about 15 km).

It follows from the cited data that with approach to the shore the tangential com-

- ponent vy first increases, whereas the v, component decreases. This is attributable
to the fact that in this sector the value of the drift velocity vectors virtually
does not change. At the same time, they rotate and in direction they gradually
approach the direction of the shore ice boundary.

At a distance of 40-45 km from the fixed ice the influence of boundary zone friction
begins to be reflected. Within its limits the vy values intensively decrease and at
- the boundary of the shore ice this.component is only 0.4 of its maximum value.

The normal drift component v, within the limits of the boundary zone is usually less
than the vy component. In the immediate neighborhood of the shore or shore ice in a
zone with a width of 10-15 km it is close to zero. Beyond the limits of the boundary
zone the relationship between the v) and v, values can be different and be determin-
ed completely by the value of the ﬂ angle.

E In summer the change in the ice drift components in general is characterized by the

- same regularities. This is indicated by the data obtained in the neighborhood of
the islands. However, the width of the boundary zone in the presence of packed ice
during this period decreases to 10-15 km. The reaction of the normal -drift compon-

- ent to the influence of the shore is transmitted within the region of the ice cover
the same, evidently, as over shorter distances. At this time we have not been able
to obtain any specific data on this problem.

The drift of the ice cover is accompanied by relative movements of the floes. The
intensity of movement of the floes relative to one another has already been invest-
igated on the basis of an aerial photographic survey with averaging of velocity dur-
ing time intervals of about one hour [2, 4]. Using films from the photorecording
unit we analyzed the velocities of relative movement of the ice with time averaging
of two days. The mobility of the floes was examined in the direction of the mean
drift and along the normal to it. For this we used the mean square values of the
longitudinal V'L and transverse v', deviations of the velocity vector of each floe
from the vector of mean ice drift velocity. The areas of the zones for which the
drift was averaged were 600-800 km?, It follows from these results that the
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relative displacements of the floes along the general drift increase with an in-
crease in the meap elocity modulus v for movement of the ice cover (Table 3).

Table 3
_ Mean Square Values of Longitudinal Deviations ;'1 of Ice Drift Velocity Vector, in
km/day
_ Ice continuity, Mean ice drift velocity, km/day
units
7-9 9-11 11-13 13-15 15-17
) 4-6 1.81 2.43 2.69 2.98 3.56
7 1.20 1.55 1.72 2.06 2,35
8-10 0.62 0.74 0.86 1.11 1.30

The dependence of the V'L value on'the v and C parameters is entirely satisfactor-
ily approximated by the expression

v;=(0,41 —0,037C) .

The mean square values of the transverse displacements of floes ;Wn also increase
with an acceleration of the general movement of the ice cover (Table 4). At the
same time it is impossible to note any significant influence of ice continuity with
its change from 4 to 9-10 units. In general, the deviations ;Wn are comparable with
the longitudinal deviations of the drift velocity vectors for packed ice.

The mean deviation between;'n and v is 0.102.

Tt should be noted that in a coastal zone with a width of 15-20 km the fluctuations
of the drift velocity vector are greater than in the more seaward zone. For ex-
ample, with an ice continuity of 4-6 units the longitudinal deviations exceed the
values cited in Table 2 on the average by a factor of 1.5. The values of the trans-
verse deviations near the shore increase by a factor of 2-3.

Table 4

Mean Square Values of Transverse Deviations';l_'n of Ice Drift Velocity Vector, km/day

v, km/day v' . km/day v, km/day v',, km/day
7-9 0.78 13-15 1.21
9-11 1.13 15-17 1.73

11-13 1.10 17-19 1.95

A joint analysis of the deviations ;)‘and v', makes it possible to establish a change
in the nature of the distribution of the velocity vectors for movement of floes rela-
- tive to the mean vector with an increase in continuity of the ice cover. It was found
- that in open pack ice the longitudinal displacements of the floes predominate over
the transverse displacements, that is, v'n/v'L<jl (Fig. 2). With an ice continuity
of about 8 units the deviations on the average become equal.-In more continuous ice
the transverse displacements of the floes are greater than the longitudinal dis-
placements. The dependence of the ratio v'n/v'pon ice continuity is determined ap-
proximately using the formula o ’ \

n

I R (- G
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Fig. 2. Change in ratio ;ﬁ'/;l' as function of ice continuity (in units).

Interesting results were obtained in an analysis of the position of the axes of the
ellipses of scattering of the deviations v' and v'p. If the resultant drift is di-
rected in the direction of any obstacle (toward the shore or zone of stranded ice),
limiting the movements of the ice cover, the longer axis of the ellipse of scatter-
ing rotates relative to the mean velocity vector, tending to be oriented along the
general direction of the obstacle. The very same occurs in the case of drift of
open pack ice in the direction of the ice mass. For example, with a direction of
the mean velocity vector at an angle of 50° to the boundary of the ice mass the
greater axis of the ellipse was deflected from this boundary by only 15°, that is,
it was turned relative to the mean drift by 35°. In the ice mass itself, near its
boundary, with a similar direction of the resultant movement of the ice, the el-
lipses of scattering were also oriented along the boundary of the pack ice.

- It was established earlier on the basis of materials from an aerial photographic
survey that with the drift of open pack ice, uniformly distributed in space, and in
the absence of obstacles the greater axis of the ellipses is usually deflected from
the direction of the averaged drift by not more than 10° [4]. Now it has been found
that in the presence of an ice continuity gradient the displacement of the floes
relative to the mean velocity vector occurs differently. The velocity vectors are
distributed in such a way that there is a predominance of drift fluctuations in

the region of lesser ice continuity. Evidently, this peculiarity is attributable

to internal processes transpiring in the ice cover as a result of both contact and
hydrodynamic interaction of ice [6].

On the basis of materials from a radar survey it is possible to investigate the spa-
tial variability of the field of ice drift velocity. As a characteristic of the
correlation between the velocities of ice movement at individual points in the

drift field we computed the normalized spatial correlation functions:
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n -

where v'(Li) and v'(Li+ l) are the deviations from the mean drift velocity at the
points Li and Li + )3 { is the interval in which the correlation function was de-
termined;(}& is the dispersion of drift velocity.

In computations we used a scheme of ice drift taking in an area of about 110,000
km? and averaged during a time interval of two days. The analysis was made in the
direction of the general drift and along the normal to it.

The values of the mean velocity of ice movement and the standard deviations along
the general drift were equal to v = 9.2 km/day; Oy = 0.02 km/day, and along the
normal to the drift —— v = 9.4 km/day; O3, = 2.90 km/day.

R )

1,0
0,64

0,6

Fig. 3. Normalized spatial correlatior functions of drift velocity of pack ice. 1)
along direction of general drift; 2) along normal to general drift.

It can be seen from Fig. 3, which shows the results of computations, that the dif-
ference in the normalized correlation functions in the directions mentioned above
is extremely significant. A substantial linear correlation between the drift velo-
cities across the movement o. ice (with R(} )< 0.5) is observed at points distant
from one another by not more than 18 km, whereas along the drift this distance in-
creases to 39 km. The first intersection of the axis of distances with the curve
of the correlation function along the normal to the drift is observed with L= 135
km. The correlation function along the direction of drift attains zero with g =75
km. Thus, the mean values of the maximum size of the structural formations of the
field of drift velocity in the direction of ice movement and along the normal to
it differ by a factor of appr iximately 2. This means that the structural forma-
tions of drift velocity, that is, zones of increased and decreased velocities of
ice movement, have an elliptical shape and are drawn out in the direction of the
seneral movement of ice.

One of the peculiarities of ice drift is rotation of floes during their translation-
al movement. The floes can rotate both as a result of random interactions between
them and under the influence of the general nonuniformity of the field of velocity
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of ice movement. It is evident that the rotation of large ice fields for the most
part is attributable to the nonuniformity of drift and to a lesser degree is de-
pendent on random factors. For a clarification of this circumstance we analyzed

the rotation of 65 ice fields measuring from 2 to 8 km with an ice continuity of
Y-10 units, making use of electronic photoregistry films. The velocity of rotation
of the floes was compared with the local transverse drift velocity gradient in the
_sector of movement of each field. It was discovered that there is a direct correla-
tion between these values, that is, with an increase in the absolute value of the
transverse drift gradient the intensity of rotation of floes also increases. This
dependence is expressed approximately by the equation

o .
where the transverse drift velocity gradient Jv/dn is expressed in km/day / km,
and the velocity of rotation & —— in degrees per day.

A study of deformation of the ice surface is of great importance, that is, an inves-
tigation of the compressions and dilatations arising in it. For a quantitative
evaluation of these phenomena we used the change in area A S of a "surface ele-
ment," discriminated from the characteristic points on individual floes. Since the
electronic photoregistry films make it possible to establish the relative position
of the floes at the times of the first and second surveys, it is also possible to
determine the deformation A S of the contour during the interval between observa-
tions A t. The intensity of deformation is expressed most simply by the relative
change in the area of a surface clement in a unit time
SQ——S]_

Syat

ll.:.:

where S; and S are the areas of the contour during the first and second surveys.
The relative deformation value is identical to the divergence of the ice drift velo-
city field.

A total of 134 ptvalues were obtained by the described method using data from summer
surveys of pack ice. Seventy of these were with a plus sign and 64 were with a minus.
In the computations for the most part we discriminated rectangular contours. The
areas of the figures on the average were 100-120 kmZ, It was established as a result
of a careful analysis of the materials that the deformation of figures of such a
scale is determined by the changes of both the velocity and direction of drift.

The mean positive |t value was +0.142; the mean negative value was -0.136; the mean
for the entire sample was +0.009; the standard deviation was 0.186. The extreme

| values were +0.95 and -0.38. The curve of W distribution is characterized by a
positive asymmetry and a positive excess. The totality of these data makes it pos-
sible to assume that in the studied situation the deformations of the surface of
the continuous ice cover during compression were manifested less intensively than
during dilatation.

Spatially the W values were not distributed unsystematically, but form individual
zones with positive and negative values. In such zones during the period between
surveys there were dilatations or compressions of the ice respectively. The zones
of compression, elongated along the normal to the general drift, alternate with
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zones of dilatation. The width of the first on the average is 30 km; the width of
the second on the average is 40 km, The maximum negative YL values were observed

on the drift side of the islands, that is, in zones of Intensive decrease in the
velocity of ice movement. The maximum positive Y values were observed at the en-
trances to straits, where, on the other hand, the velocity increases were consid-
erable. In zones of positive A values it was usually possible to observe the form-
ing of channels or chains of leads.

In this article we have by no means examined all the aspects of use of side-looking
radar for study of the dynamics of the ice cover in the coastal regions of arctic
seas. Nevertheless, we hope that the results cited here will be indicative of the
possibilities of a multisided application of this method, which is not dependent

on such factors as the illumination of the underlying surface and visibility. At
the same time, we assume that the method requires further development, which evi-
dently must be directed both along the lines of technical improvement of the radar
system and along the lines of broad automation of the procedures of processing and
analysis of the collected data.

4.
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OBSERVATIONS OF SEA SURFACE TEMPERATURE USING A RADIATION THERMOMETER FROM AN
ICE RECONNAISSANCE AIRCRAFT :

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'-
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 114-120

[Article by A. I. Paramonov, Yu. A. Gorbunov and S. M. Losev]

[Text] During August-September 1973 in the eastern region of the Arctic for the
first time specialists made regular observations of the temperature of the sea
surface using a radiation thermometer. The following problems were solved: deter-
mination of the possibility of measuring the temperature of the sea surface in
leads amidst thin and scattered ice, the collection of data on the temperature of
the surface of ice of different age, evaluation of the accuracy of observations,
perfection of the method for aerial temperature surveys from an ice reconnaissance
aircraft. '

The following apparatus was used in carrying out surveys

- Precise Radiation Thermometer, Model PRT-5, Barnes Engineering Co., United States

Range of measured temperatures, °C -20 - +75
Accuracy, °C _ 0.5

) Response, °C 0.1
Inertia, sec 0.5
Working range of ambient temperatures, °C -20 - +40
Working range of wavelengths, p-m 8-14

B Angle of view, degrees 2

Electronic Automatic Recording Potentiometer, Model KSP-4, USSR

Range of measured voltages, mV 0-10
Rate of run of carriage along entire scale, sec 2.5
Input resistance, ohms 1000
Rate of motion of registry tape, mm/hour 20, 60, 240, 720, 1800,
5400 and same values x 10
Accuracy, 7% of entire scale 0.5
44
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Electronic Automatically Recording Potentiometer (Ankersmit), Model SP-65V, Riken
Denshi Co., Japan)

Range of measured voltages 0~-5 mV, 0-10 mV to 10 V on
fixed and variable scales
Rate of run of carriage along entire scale,

sec¢ 1.0
Accuracy, % of entire scale 0.5
Rate of motion of registry tape, mm/hour 75, 150, 300
mm/min 10, 15, 30, 60, 120, 240, 480

Converter of voltage from 27 V d-c current to 220 V 50 Hz a-c current, voltage
converter type P0-300, power 600-700 W

Model of IR Thermometer Developed in REVT Laboratory at Leningrad Electrotechnical
Institute imeni V. I. Ul'yanov (Lenin) in Portable Variant

Range of measured temperatures, °C -50 - +100
Accuracy, °C 0.5
Response, °C 0.2
Inertia, sec 2.0
Working range of ambient temperatures, °C -50 - +50
Working range of wavelengths,}xm 2.5-40
Angle of view, degrees 5.0

The checking of the working state of the apparatus was accomplished in the Radio-
physical Research Section of the Arctic and Antarctic Scientific Research Institute
in Leningrad and at the observatory of the Pevek Administration of the Hydrometeor-
ological Service in Pevek. In carrying out the observations the apparatus was in-
stalled aboard an Il-14 aircraft which carried out ice reconnaissance in the east-
ern region of the Arctic. Methodological studies for checking the accuracy of tem-
perature measurements were carried out during the time of flights for ice recon-
naissance and temperature surveys during the period 14 August - 28 September.

Such studies were carried out, in particular, on the Kolyma River, in the neighbor-
hood of Cherskiy station, where simultaneously with measurements with a radiation
thermometer from a motor boat a mercury thermometer was used in measuring the tem~
perature of the watcr surfa e layer in the river. The discrepancy in water tempera-
ture measurements did not e:ceed 0.2° (Table 1).

During the period of aerial temperature surveys it was also possible twice to carry
out joint observations from aboard the expeditionary ship "Mayak." [The oceanograph-
ic expedition of the Arctic and Antarctic Scientific Research Institute aboard the
cxpeditionary ship "Mayak" was headed by A. V. Chireykin.] Water temperature at the
surface and at the horizons 0.5, 1, 2 and 5 m was measured from shipboard. In both
cases the water temperature in the upper 5-m layer was virtually identical. Meteor-
ological observations were made simultaneously (Table 2).

The difference in data obtained when measuring water temperature at the sea surface
with a PRT-5 thermometer and the data obtained on the '"Mayak" ship in the first

case was 0.1 and in the second case 0.4° (see Table 1). An aerial temperature sur-
vey of the ice-free sea surface was made on 22 September. The aircraft flight path
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duplicated the standard hydrological runs made from the ship "Mayak."

Table 1

Temperature of Sea Surface According to Measurements at Polar Stations, '"Mayak" Ship
and From Aircraft With PRT-5 Radiation Thermometer

Date Region Temperature
PRT-5 polar station or
ship
15/August Cape Vankarem 2.63 2.4; 2.1 0.5
Kolyuchin Island 2.1; 1.6; 2.3 0.8
Ayon Island 2.5 1.8
Ambarchik Bay 11.0 9.3
20/August Ayon Island 1.2 0.6
Chetyrekhstolbovoy 3.2 2.3
Kolyma River, Cherskiy 11.0 10.9
30/August Chukotskoye Hore
("Mayak") 1.0; 1.0 0.9
31/August Kolyma River, Cherskiy 8.0 7.8
17/September Kolyma River, Gherskiy 1.8 1.9
21/September Kolyma River, Cherskiy 2.2 2.0
22/September Chukotskoye More 1.7; 1.4; 1.5; 1.4 1.1
"Mayak"

Table 2

Meteorological Conditions According to Observational Data Obtained From Aboard the
"Mayak" at Time of Joint Work With Aircraft

Date Air temperature, Relative humid- Wind State of
°c ity, % ’ direction velo- sea, units
city,
) m/sec
30/Aug 3.6 95 S 8 2
22/Sep 1.8 93 W 3 3

Figure 1 presents the results of observations obtained using the PRT-5 and a ship
on one such section with an extent of about 200 miles. The expeditionary ship
"Mayak" occupied oceanological stations each 30 miles. Readings on the hand indi-
cator were made on the average each 6.5 miles of flight. Registry on the tape of
a KSP-4 potentiometer was uninterrupted.

z The substantial difference in the data obtained from aboard the ship and using the
PRT in individual segments of the profile is attributable to the fact that the ob-
servations were made at different times. Due to the considerable time required for
running the profile (19-28 September) and the great distance between stations the
ship data have a smoothed character. The observational data obtained using the
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radiation thermometer indicate a more complex structure of the temperature field.

miles
yMHAN

210

Fig. 1. Change in water temperature at sea surface along standard profile. 1) ob-
servational data obtained from aboard '"Mayak" ship; 2) discrete readings on hand
indicator of IR radiometer; 3) continuous registry on potentiometer tape.

Aircraft sorties were made to polar stations for checking the accuracy of readings
of the radiation thermometer. At the time of alrcraft approach to the station
simultaneous measurements were made of water temperature at the sea surface on the
hand indicator of the radiometer and by the polar station observer. The results of
measurements of water temperature are communicated by the polar stations to the
aircraft. The radiometer measurements had to be made precisely at the time of air-
craft flight over the position of polar station observations. This was difficult
to achieve. Taking into account that in the coastal regions the horizontal temper-
ature gradients of e water are usually considerable, great discrepancies in the
readings of the radiometer --d polar station (see Table 1) are entirely natural.

- During the execution of ice reconnaissance leads were encountered on almost every
flight; these were covered with young ice. If the young ice had the age stage of
ice slush or ice crust or older, the radiometer measured the temperature of the
surface of this ice. If ice needles were observed in the lead, it could be assumed
that the temperature at the surface of the lead has the freezing temperature of
water. In this case the radiometer readings were compared with the freezing tem-
perature of water with the mean long-term salinity value for this region.

An analysis of the results of aerial temperature surveys and methodological studies
reveals that the instruments used meet the principal requirements of operation on
board aireraft under arctic conditions. The PRT-5 precise radiation thermometer has
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good operational qualities, a high stability, insignificant inertia and stable
reading. During the entire operating period the error in measurements with this
radiometer did not exceed the value indicated in the certificate.

Among the shortcomings of the PRT-5 we should include the complexity of the cir-
cuitry and the great number of highly sensitive elements, which results in a high
cost of the instrument and lowers its reliability. With respect to design a rad-
tion thermometer has an inadequate strength of the plugs and contacts and an inad-
equate hermetic sealing. During the time of operation of the PRT-5 radiometer
there was one failure in its operation as a result of increased vibration and entry
of moisture from the air into the optical head. This led to disruption of the con-
tacts of the sensing elements. In general, however, the results of the work con-
firmed the accuracy of its measurements. This made possible extensive use of the
PRT-5 radiometer for the collection of important information on temperature of the
sea surface. The collected data were used in the scientific-operational support

of sea operations.
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Fig. 2. Fragment of record of surface temperature of ice cover on 28 September 1973.
1) slush ice; 2) dark ice crust; 3) light ice crust; 4) one-year ice; 5) field of
perennial ice.

During the flights specialists also made tests of a model of an IR thermometer devel-
oped in the REVT laboratory of the Leningrad Electrotechnical Institute in a port-
able variant. A peculiarity of this instrument is the simplicity of the circuitry,
low cost, strength and reliability in operation. The inadequacies include an
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increased zero drift and a broad transmission band of the optical filters.

The KSP-4 and Ankersmit potentiometers met the requirements of aerial temperature
surveys.

In addition to measurements of the water temperature at the sea surface, the radia-
tion thermometer registered the surface temperature of the ice cover. The measure-
ments which were made confirmed the idea expressed in [2] that the temperature of
ice of different age is different (Fig. 2). Such a difference is a result of a de-
crease in the heat flow from the water to the upper surface of the ice with an in-
crease in its thickness. In autumn and in winter at negative alr temperatures the
young ice is invariably warmer than the perennial ice. This fact is of unquestion-
able interest and merits the closest attention in further investigations. Such in-
vestigations will afford a possibility for study of the peculiarities of heat ex-
change between the ocean and the atmosphere through the ice cover over a consider-
able area. At the same time, the temperature contrast at the ice surface, depend-
ing on its thickness, will make it possible to solve the inverse problem: use of

IR apparatus for determining ice of different age. However, at present there are
still no data for any generalizations along these lines. For this reason the col-
lection of data on temperature of the ice cover must be continued. For an objective
interpretation of ice and preparation of new standards on the basis of data from

IR apparatus it is desirable that such observations be supplemented by an aerial
photographic survey along the flight route.

In addition, it is important to clarify how the nature of the correlation between
the thermal contrast and ice age changes with transition of air temperature from
negative to positive values and also whether there is a sufficiently clear depend-
ence between these characteristics in summer, when the ice surface is covered by a

- thin water film and patches of smow. The value of the observations is increased if
the measurements with the radiometer are supplemented by direct measurements of tem—
perature of the ice surface by highly sensitive contact sensors. Such data are nec-
essary for experimental determination of the optical characteristics of the ice
cover surface. ‘

In order to draw final conclusions concerning the correspondence between the temper-
ature of the thin film and the temperature of the sea surface layer it 1s necessary
to carry out specia; methodrlogical investigations similar to the investigations
described in [1]. They alsc -hould include parallel measurements with a radiometer
and the contact sensors of the expeditionary ship. It is particularly important
to carry out such work in leads where there is thin or scattered ice since under
these conditions the effect of wind mixing is lessened and as a result of the thaw-
- ing of ice the stability of the water surface layer is increased. The organization
of such observations will also make possible a more precise determination of the
influence of state of the atmosphere on radiometer readings.
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STUDY OF DYNAMICS OF GLACIERS USING LASER DEFORMOGRAPH

Leningrad TRUDY. ORDENA LENINA ARKTICHESKIY I ANTARKTICHESKIY NAUCHNO-ISSLEDOVATEL'
SKIY INSTITUT. FIZICHESKIYE METODY ISSLEDOVANIYA L'DA I SNEGA in Russian No 326,
1975 pp 143146

[Article by I. M. Belousova, I. P, Ivanov and N. G. Firsov]

[Text] This article is a discussion of some characteristics of a laser deformograph
and also the results of investigations which were obtained using this instrument
on glaciers in the neighborhood of Mirnyy station in Antarctica.

The fundamental possibility of creating such an instrument was mentioned in [1,3].
Laboratory and field investigations carried out using a laboratory model of the in-
strument in Antarctica, on the ice of Lake Ladoga and on the glaciers of the Cauc-
asus made it possible to formulate the following requirements on individual instru-
ment blocks.

1. Its laser should be: a) single-frequency, since only in this case is the modula-
tion intensity of the output radiation not dependent on the distances to the inves-
tigated object; b) single-mode, which ensures the necessary modulation intensity
and makes it possible to avoid intermode beats [2]; c) stable with respect to radi-
ation frequency, with adherence to the following condition:

AV |V PLess/L,

where ALeff is the ~easured shift, L is the distance to the measured object, Av is
the change in the frequency ~f laser radiation, as a result of system instability,
Yy 1s the laser radiation trequency.

2. The optical system of the instrument must include receiving and transmitting
telescopes which are selected from the condition of full use of laser radiation
with reflection from the investigated object.

3. The registry system must include a photomultiplier (FEU), amplifier and spectrum
analyzer, upon which special requirements are not Zimposed.

Our laboratory investigations made it possible to determine the limits of the rates
of movement of the object to be determined, which with respect to the upper limit

are determined by the width of the rescnance line of the laser and are 1-2 MHz
(0.6 m/sec), and which with respect to the lower limit are determined by the width
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of the generation ilne, whose theoretical width is _determined by the specific con-
ditions of the experiment and is a value about 10~3 Hz. Under natural conditions it
is dependent on thermal deformations, the microphone effect, fluctuations of the
atmosphere on the radiation path.

In addition, by means of laboratory investigations it was possible to determine
absolute sensitivity to the shift, whose minimum value in the case of use of a
laser with a three-mirror resonator (unmatched) is 0.002}Lm.

Field tests of a model of the instrument in Antarctica in the neighborhood of Molo-
dezhnaya station during the period of operation of the 15th Soviet Antarctic Exped-
ition [4] indicated that the instrument could perform in severe climatic situations
and also that it is possible to determine the rate of movement of objects at dis-
tances from 380 m. One of the important conclusions from this study was that the
atmosphere over the glacier cover in Antarctica is exceedingly favorable for the
carrying out of this type of interferometer measurements. As a result of what has
been presented above, we designed and fabricated a laser deformograph.

Laser Deformograph Operating Principle

The laser radiation is directed through the forming optical system to a reflector
mounted on the investigated glacier, and being reflected from it, returns to the
instrument. The beats arising in the laser are registered by a photodetector; their
frequency is determined by the recording apparatus. The instrument consists of
three blocks: reflector, recording apparatus together with a power source for the
entire apparatus, laser with a photodetector and with the optical system. The in-
strument uses a specilally developed single-frequency (A= 6328 A) helium-reodymium
laser with frequency stabilization which is created by control of the resonator by
an error signal shaped using a neon absorbing cell in a magnetic field and a
doubly refracting prism.

The laser deformograph is intended for operation at distances up to 1.5 km. The
- very same 20X telescope is used as the transmitting and receilving optical system.
The reflector, whose diameter is 200 mm, is a set of triple high-quality prisms
(1"-3"). For a methodological comparison, and also for operation with internal
frequency stabilization, a Michelson interferometer is incorporated in the in-
- strument. By means of an eyepiece fitted directly into the instrument the laser
radiation is visually directed to the reflector. The system operates in a mis-
matched coupled resonator so that the fraction of light returmed to the laser is
small and the intensity of this radiation is modulated in conformity to a sinusoidal
law. The period of modulation of the radiation corresponds to the Doppler fre-
quency, related to the movement of the object by the formula
VR
[OTP = refl] A/z;————Lgi—fEL—Cos(QV—g—f—F¢).
where /\ I is the change in laser intensity; 'Vo is the frequency of laser radiation;
v is the rate of movement of the object; c is the speed of light; I is the length of
the resonator; a is the distance to the object; Ryegy is the coefficient of reflec-
tion within the resonator; Rg = 1 — Tg 1s the coefficient of reflection of the re-
flector. ‘
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: Fig. 1. Diagram of investigated region.

Calibration was accomplished by means of a specially developed simulator of move-

ment based on thermal expansion. By means of the simulator the translational move-
ment along a guide with rates from O.SVIn/sec to lOO}Lm/sec is communicated to the
triple prism reflector.

This instrument was tested in operation during the seasonal period of the 18th
Soviet Antarctic Expedition in Antarctica in the neighborhood of Mirnyy station.
The first step was to determine the instrument's effective range, that is, a deter-
mination of the maximum distance at which laser radiation does not lose its coher-
ence property. It was discovered that with the passage of radiation through a layer
of the atmosphere with a thickness up to 2 km the coherence of the radiation is not
impaired. Measurements of atmospheric transparency were made for radiation with

A = 6328 A.

- Atmospheric transparency was determined at different times of day during the period

’ from 20 January .'..ough 20 June 1973. A correlation was found between atmospheric
transparency for A = 6328 A and the meteorological range of visibility. It can be
concluded from these experiments that atmospheric transparency is very high and
virtually all the laser rad.-tion passes through the atmosphere, that is, there is
confirmation for the conclusion drawn during the period of operation of the 15th
Soviet Antarctic Expedition that the atmosphere over the Antarctic glacier is very

- favorable for interferometer measurements of this kind. An outlying camp for study
of movement of the glacier cover was organized in the neighborhood of the small
Hill of the Winds (Sopka Vetrov) (Fig. 1). The instrument was set up directly in
the tent on bare rock, together with apparatus for adjusting and checking individ-
ual instrument components. All the apparatus was supplied current from a gasolene-
powered generator. The rates of movement of different points on ine giacie were
determined (distant up to 1 km from the rocks).

- The registered oscillograms were used in computing the rate of movement of some
point on the glacier during the time of observation; this varied in the range from
O.Srtm/sec to l.Zer/sec. In some cases it can be seen from the oscillograms that
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the rate of movement of this point on the glacier is not constant even during the
observation time, that is, during a time of about 10 sec.

Thus, the laser deformograph, successfully undergoing tests under field conditions
in Antarctica, makes it possible to obtain new data on the movement of the glacier
cover and undoubtedly in the future it can be used in solving many glaciological
problems.
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